distribution of membranous organelles within eukaryote cells are not only an end result of differentiation, but these organelles have the potential to prevent, enhance or modulate the expression of some genes and gene products (Berendes et al., 1975; Duck-Chong & Pollak, 1973) . The enzyme activities of the differentiating hepatocyte may be influenced by changes in the permeability barriers of the membranous organelles or, in the case of membrane-bound enzymes, changes in membrane composition may bring about allotropic changes in enzyme activities (Racker, 1970) .
In this review I want to address myself especially to the part played by mitochondrial maturation and to the effect which the interaction of these matured mitochondria with other cellular compartments has on the differentiation of hepatocytes. In addition, I shall attempt to provide an overview of the interacting mechanisms that are currently considered to trigger-off and control the changes in glycogen metabolism occurring at parturition in rat liver.
Mitochondrial biogenesis in rat hepatocytes
In foetal rat liver the mitochondrial mass per unit weight or volume is considerably smaller than that in livers of suckling or adult rats. This has been shown by morphometric measurements as well as by protein determination of isolated mitochondria (Ontko, 1966; Rohr et al., 1971; Herzfeld et al., 1973; Foster & Bailey, 1976) . The * On sabbatical leave from the Department of Histology and Embryology, University of Sydney, Sydney, N.W.S. 2006, Australia, to which address requests for reprints should be addressed.
VOl. 5 validity of these results is not affected by the fact that the extrahepatocytic space decreases with developmental age (from 40 %, 6 days prenatal, to 12 %in adult liver), nor by the fact that glycogen is deposited in prenatal liver and utilized in neonatal liver.
The mitochondria present in early-or late-foetal rat liver exhibit no, or only marginal, respiratory control (Mintz et al., 1967; Hallman, 1971; Nakazawa et al., 1973; Pollak, 1975) . This marginal respiratory control has been attributed to the low ATP content present in foetal rat liver (Ballard, 1971 ; Nakazawa et at., 1973) . It has also been suggested that a significant proportion of foetal rat liver mitochondria do not possess the osmotically active inner membrane which is a prerequisite for tightly coupled oxidative phosphorylation (Pollak, 1975) .
Foetal as well as adult rat liver mitochondria may be fractionated on a sucrose gradient into two apparently intact mitochondrial populations (Pollak & Munn, 1970) . The fraction (B2) equilibrating in the lower-density region of the sucrose gradient is considerably more active osmotically than the fraction (B3) that equilibrates in the denser sucrose region (Packer et al., 1971) . The osmotically less active (B3) mitochondria predominate over the osmotically active (B2) mitochondria in foetal liver. As development progresses, theratio of B3 to B2 decreases (Pollak & Munn, 1970) . A similar developmental change in the osmotic properties of mitochondria has recently been described during the transition into lactation in the mouse mammary gland (Rosano & Jones, 1976) .
The progressive decrease in the ratio of the B3/B2 mitochondria suggested the possibility of a precursor-product relationship between B3 and B2 mitochondria. However, no such relationship was established, but instead it was shown that both B2-and B3-mitochondria1 total proteins had identical and relatively short half-lives (1.68 days) (Duck-Chong & Pollak, 1973) . In addition, studies with specific inhibitors of mitochondrial and cytoplasmic protein synthesis established that only the B2 mitochondria were capable of protein synthesis and that the B3 mitochondria depended on cytoplasmic protein synthesis to be transformed into osmotically active B2 mitochondria (Duck-Chong & Pollak, 1973) . The identical half-lives of B2 and B3 mitochondria of foetal rat liver, together with the fact that only B2 mitochondria are capable of mitochondrial protein synthesis, led to the proposal that B2 and B3 mitochondria represent alternate stages of division and maturation in a cyclic process of mitochondria biogenesis (Pollak, 1975 (Pollak, ,1976 .
When in tissue-slice experiments or in experiments in vivo the labelling periods were of short duration, proteins of B2 mitochondria were always much more highly labelled than the proteins of B3:mitochondriaY possibly owing to the additive effect of mitochondrial and cytoplasmic protein synthesis. Extending the labelling periods tended to diminish these differences in the labelling patterns of B2-and B3-mitochondrial proteins (Pollak, 1976) . This implies that the lack of a precursor-product relationship between B3 and B2 mitochondria is the result of transformations occurring in both directions (by division from B2-\ f €33 B3 and by maturation from B3-+B2) during the extended labelling periods required for precursor-product experiments.
Mitochondria1 maturation in perinatal rat hepatocytes
The low osmotic activity of foetal rat liver mitochondria was explained in terms of the predominance of the B3 mitochondria during foetal development (Pollak & Munn, 1970) . Subsequently it was shown that the marginal respiratory control of isolated foetal rat liver mitochondria increases on the addition of ATP to the incubation mixture (Hallman, 1971 ; Nakazawa et al., 1973) . Further work showed that the addition of ATP to isolated foetal rat liver mitochondria increased their osmotic activity as well as their respiratory control (Pollak, 1975) . Since the effect of ATP was demonstrated not to depend on the energy derived from its hydrolysis, it was suggested that ATP interacts with the inner mitochondrial membranes of foetal rat liver mitochondria to transform these into functional energy-conserving systems (Pollak, 1975) . The dependence of foetal rat liver mitochondria on ATP for increased osmotic activity and respiratory control is considered not to be just a property of isolated foetal rat liver mitochondria, but probably reflects the situation within foetal liver cells in uiuo, since these cells as well as isolated foetal rat liver mitochondria have a low ATP content (Ballard, 1971 ; Nakazawa et al., 1973). Further, it is noteworthy that not only is the ATP/ADP ratio low in foetal rat liver, but the total adenine nucleotide concentration of foetal rat liver is also low [59.4% of the ATP concentration in neonatal rat liver and 51.4% of the ATP concentration in adult rat liver (Philippidis & Ballard, 1970)l. Within 60min of birth, the ATP/ADP ratio increases from 1.54 in the late foetal liver to 6.8 in the liver of the neonatal rat (Knowles & Ballard, 1974) . There is a concomitant increase in the respiratory control of mitochondria isolated from neonatal rats after natural birth or after birth by Caesarean section and maintenance in a Humidicrib for 60 or 90min. Addition of ATP to such 'matured' isolated mitochondria causes no further significant enhancement of respiratory control (Pollak, 1975; Sandor & Pollak, 1976) . The permeability of foetal rat liver mitochondria to Hf and to Ca2+ has also been shown to be decreased by the addition of ATP to the incubation mixture (Nakazawa et al., 1973; Pollak, 1975) . All these results imply that perinatal rat liver mitochondria require a certain threshold ATP concentration to support a functional energyconserving system.
The mitochondrial ATP content increases in uiuo when the hepatic mitochondria of the newborn rat are exposed to the increased ATP concentration of the cytoplasm. Similarly isolated foetal rat liver mitochondria more than double their adenine nucleotide content when they are incubated with ~~M -A T P , Mg2+ and K+ (Nakazawa et al., 1973) . It follows that the atractyloside-sensitive adenine nucleotide translocase cannot be the only mechanism through which foetal rat liver mitochondria obtain their adenine nucleotides, since the translocase can only support adenine nucleotide exchanges and not a net enrichment of adenine nucleotides on either side of the membrane (Klingenberg, 1970) . Further work showed that an initial uptake of ATP occurs when isolated foetal rat liver mitochondria are presented with 1 m~-ATP; this uptake is atractyloside-insensitive; after 1 min at 1 "C any further uptake is inhibited by atractyloside (Sandor & Pollak, 1976) . This inhibition may be due to the interaction of ATP with the ATP-permeable inner mitochondrial membrane, rendering it impermeable to any further entry of ATP, except through the adenine nucleotide translocase. Results from earlier experiments involving the uptake of 1 ~M -A T P by foetal rat liver mitochondria (Nakazawa et al., 1973), though interpreted differently, are also compatible with the interpretation given above. Electron microscopy was used in conjunction with osmotic-swelling experiments to examine the changes in the matrix space of foetal rat liver mitochondria before and after the addition of ATP. The morphological evidence confirmed that on the addition of ATP the inner mitochondrial membrane became hypercontracted, causing a dramatic decrease in the matrix compartment (Pollak, 1975) . This interpretation is supported by more recent results obtained in the study of adenine translocase of foetal rat liver mitochondria (Sandor & Pollak, 1976) .
The question which now arises is how this hypercontraction phenomenon is related So the division and maturation cycle discussed in the previous section. It is suggested that the action of ATP provides a fast trigger mechanism, ensuring that the neonatal liver is equipped with functional mitochondria with the minimum of delay. This is obviously of the utmost importance, since the neonatal rat has to husband its carbohydrate reserves ~carefully, particularly in the period immediately after birth when gluconeogenesis is not yet established. In time, cytoplasmic protein synthesis will transform the B3 and possibly hypercontracted mitochondria into B2 mitochondria (Fig. 1) .
In Fig. 1 the scheme of mitochondrial division and maturation (Duck-Chong & Pollak, 1973; Pollak, 1976 ) is amended to account for the changes occurring due to the interaction of ATP with the inner mitochondrial membrane. Fig. 1 shows that on the addition of ATP, B3 mitochondria may change to the hypercontracted state. Removal of ATP by incubating neonatal rats in a Humidicrib in an atmosphere ofNz transforms VOl. 5 the hypercontracted mitochondria back to the less osmotically active state J. Sutton & J. K. Pollak, unpublished work). Since it is not known if the products of cytoplasmic protein synthesis can be inserted into hypercontracted mitochondria, the conversion of the latter into B2 mitochondria is represented by a 'dashed' arrow.
The conformational change of the inner mitochondrial membrane is a good example of a post-translational control which quickly enables the hepatocyte to trigger-off increased respiratory control without involving protein synthesis. This mechanism requires a transient increase in ATP concentration which then autocatalytically causes a further increase in the cellular ATP concentration by raising the respiratory control index and hence the effectiveness of mitochondrial oxidative phosphorylation.
One of the problems which still remains to be discussed is that of the initiation of the transient increase of cytoplasmic ATP at a time before mitochondrial oxidative phosphorylation can make a significant contribution to the cytoplasmic ATP concentration. This transient rise of ATP in the hepatocytes of the perinatal rat appears to be the outcome of a number of metabolic interactions, and is discussed next.
The interacting mecliani.ms controlling glycogen metabolism in the rat hepatocyte at parturition
At 3 days before birth, the hepatocytes of the rat are small (diameter 2: 15pm) and make up about one-half of the total cell population of the liver. The rough endoplasmic reticulum of the hepatocyte is well developed, but hardly any traces of smooth endoplasmic reticulum are detectable. At birth the size of the hepatocytes isgreatly increased (-25pm) and they now make up a much larger proportion (about 80%) of the cell population of the liver, owing to a sudden decrease of haemopoietic cells. The cisternae of the rough endoplasmic reticulum tend to be aligned in parallel arrays and smooth endoplasmic reticulum is still scarce (Dallner et al., 1966) .
The mitochondrial proiiles of foetal liver when compared with those of neonatal liver have a less-electron-dense matrix space and larger cross-sectional areas, yet in the foetal hepatocyte the mitochondrial volume represents a smaller proportion of the hepatocyte volume because the mitochondria are less numerous (Kotoulas & Phillips, 1971; Lang & Herbener, 1972; Herzfeld et al., 1973; Chedid & Nair, 1974) .
In foetal liver, primary lysosomes are small and only occasionally seen, whereas secondary lysosomes are absent. After birth a significant increase in primary lysosomes occurs and secondary lysosomes appear (Kotoulas & Phillips, 1971 ; Oliver & Phillips, 1974) . The most striking cytological differences between late-foetal and neonatal rat liver up to several hours after birth are the abundant glycogen deposits present in late-foetal liver. These compact glycogen deposits consist predominantly of polyparticulate rosettes. By 12h after birth the glycogen reserves are totally depleted (Kotoulas & Phillips, 1971 ; Chiu & Phillips, 1974) .
In the rat, glycogen is deposited in the liver between days 17 and 21 of foetal life (Jacquot & Kretchmer, 1964; Devos & Hers, 1974) . The accumulation of glycogen in the liver is preceded by 1 day by the appearance of glycogen synthase activity (UDP-glucose-glycogen glucosyltransferase, EC 2.4.1.1 1 ; Eisen et al., 1973; Devos & Hers, 1974) . Glycogen synthase in foetal rat liver is known to be induced by corticosteroids (Eisen et al., 1973) and the plasma corticosterone concentrations of the foetal rat have been shown to be considerably higher than those of the maternal circulation (Holt & Oliver, 1968; Dupouy et al., 1975) . The high plasma corticosterone concentration of the foetal rat decreases during the last 2 days of foetal life (Holt & Oliver, 1968; Dupouy et al., 1975) . Glycogen synthase is only active if present in the dephospho (a) form. The conversion of the inactive phospho (b) form into the active glycogen synthase a is known to be effected through insulin (Eisenetal., 1973) . Theexact mechanism has not been documented, but presumably insulin is involved in controlling the activity of glycogen synthase by means of the induction of glycogen synthase phosphatase, the enzyme which converts inactive glycogen synthase b into active glycogen synthase a. The concentration of insulin in the blood of the foetal rat increases rapidly between the days 18 and 20 of foetal life (Girard et al., 1974) , ensuring that during that developmental period the active form of glycogen synthase is maintained. The actual rate of glycogen synthesis of foetal rat liver is relatively slow when compared with adult rat liver, but the complete absence of glycogen degradation ensures that glycogen metabolism is entirely geared towards the production and deposition of glycogen (Devos & Hers, 1974) .
Gluconeogenesis does not occur in foetal liver, since the key enzyme phosphoenolpyruvate carboxykinase (EC 4.1.1.32) is normally induced only after parturition by glucagon (Yeung & Oliver, 1968) . In addition, it is obvious from the high lactate/pyruvate ratio in foetal liver (213 at term) (Philippidis & Ballard, 1969 ) that the cytosol of the foetal liver is a relatively reduced environment, and it has been pointed out by Ballard (1971) that [NAD+]/mADH] ratios of more than 1 are required for gluconeogenesis, and these could not be attained in such a reduced environment.
At birth there is a dramatic change in the hormone pattern of the perinatal rat. As a result of the stress of the birth process, catecholamines are released; recent evidence suggests that transient hypoxia encountered during parturition may be the physiological stimulus for catecholamine secretion in the new-born rat (Girard & Zeghal, 1975) . The release of catecholamines increases the hepatic cyclic AMP content, causing glycogen synthase a to be phosphorylated and hence inactivated. At the same time cyclic AMP stimulates glycogenolysis by activating glycogen phosphorylase (EC 2.4.1.1 ; Fischer et al., 1970). As already mentioned, during the last 2 days of foetal life the plasma corticosterone concentration diminishes and therefore the induction of glycogen synthase also decreases. In addition it is known that catecholamines stimulate glucagon secretion (Girard et al., 1974) and tend to decrease the release of insulin by the pancreas (Robison et al., 1968) , hence less glycogen synthase will be present in its dephospho active form.
One of the steps at which glycolysis may be controlled is phosphofructokinase (EC 2.7.1.1 1). This enzyme is activated by AMP and inhibited by ATP (Atkinson, 1966) .
In foetal rat liver just before birth, the AMP and ATP concentrations favour the activation of phosphofructokinase.
It is probably the burst of rapid glycogenolysis followed by enhanced glycolytic activity which suffices to transiently increase the ATP concentration within the hepatocytes of the newly born rat to a value at which it triggers the hypercontraction of the inner membranes of B3 mitochondria (Sandor & Pollak, 1976 ). This results in enhanced respiratory control leading to a more effective ATP production by oxidative phosphorylation. In the hepatocyte of the neonatal rat, the mitochondria became the most significant source of ATP. The increased ATPIAMP ratio may now slow down the rate of glycolysis by inhibiting phosphofructokinase.
It has recently been shown that glucagon enhances pyruvate transport into mitochondria (Titheradge & Coore, 1976) . Presumably the changes in the physiology of hepatocyte mitochondria at birth play a part in lowering the lactate/pyruvate ratio from 213 in the newly born rat to 13.5 within 1 h after birth (Philippidis & Ballard, 1969) . Fig. 2 is an attempt to summarize the most important steps that contribute to the control and modulation of glycogen metabolism in perinatal rat liver.
All these changes ensure that glucose is completely and efficiently oxidized, a fact of considerable importance to the neonatal rat, which, during the first hoursofitsseparate life, has to depend on its glycogen reserves for energy metabolism. It is in this context that it becomes obvious that during certain stages in the development of a multicellular organism, very sudden demands are made on a specific organ system and, therefore, developmental change may demand a faster response than enzyme induction may provide, whereas, at other times, enzyme induction suffices. The ATP-induced change in the conformation of the mitochondria1 membrane could bring about such a sudden developmental change.
